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The production of light nuclei in relativistic heavy-ion collisions is well described by both the
thermal model, where light nuclei are in equilibrium with all other hadron species present in a
fireball, and by the coalescence model, where light nuclei are formed due to final state interactions
after the fireball decays. A method is proposed to falsify one of the models. We suggest to measure
a hadron-deuteron correlation function which carries information about the source of the deuterons
and allows one to determine whether a deuteron is directly emitted from the fireball or if it is formed
afterwards. The K−−D and p−D correlation functions are computed to illustrate the statement.
Light nuclei are expected to be formed at the latest
stage of relativistic heavy-ion collisions when the fireball
decays into hadrons and those which are close to each
other in phase-space still interact. Final state interac-
tions are responsible for short range correlations among
hadrons and in the case of nucleons for the production of
light nuclei as assumed in the coalescence model [1, 2].
Fragments of initial nuclei are not considered here.
The coalescence model works well in a broad range
of collision energies and, in particular, it properly de-
scribes [3–7] production of light (anti-)nuclei at LHC [8–
10]. However, the yields of light nuclei and hypernuclei
[8–11] are also accurately described by the thermody-
namical model [12–14] with a universal temperature of
156 MeV and vanishing baryon chemical potential for all
hadron species measured at midrapidity at LHC.
This result, which has attracted a lot of interest [16–
24], is truly surprising as it is hard to imagine that nuclei
can exist in the hot and dense environment of the fireball.
The inter-particle spacing is smaller than the typical size
of light nuclei and the temperature is much bigger than
nuclear binding energies. Light nuclei in a fireball are
thus like ‘snowballs in hell’ [15].
It should be stressed that the thermal and coalescence
models, which are very different, were found long ago to
predict similar yields of light nuclei [25], and recently the
result has been verified [5, 17] in the more advanced coa-
lescence model [26–29] which properly takes into account
the quantum-mechanical character of the process.
One asks whether the final state formation of light nu-
clei can be distinguished from creation in a fireball, that
is, whether one of the two models can be falsified. It was
suggested in [17] and worked out in [18] to compare the
yield of 4He to that of exotic nuclide 4Li which decays
into 3He + p with the width of 6 MeV. The yield of 4Li
can be experimentally obtained through a measurement
of the 3He−p correlation function [30]. The alpha parti-
cle is well bound and compact while 4Li is weakly bound
and loose. Since the masses are similar, the yield of 4Li
is according to the thermal model about 5 times bigger
than that of 4He because of 5 spin states 4Li, which has
spin 2, and only one of 4He. The coalescence model pre-
dicts not only a significantly smaller yield of 4Li but the
yield changes with collision centrality [18].
Here we present another idea how to distinguish the
coalescence model from the thermal one. We suggest
to measure a hadron-deuteron correlation function which
carries information about the source of the deuterons and
allows one to determine whether a deuteron is directly
emitted from the fireball or if it is formed afterwards. We
derive the hadron-deuteron correlation function treating
a deuteron at first as in the thermal model, that is as
an elementary particle emitted from a source together
with all other hadrons. Later on a deuteron is treated as
a neutron-proton bound state formed at the same time
that the hadron-deuteron correlation is generated.
To set the stage we first discuss the hadron-proton cor-
relation function. The hadron will be identified with ei-
ther a negative kaon or a proton. The h−p correlation
function R is defined as
dPhp
d3phd3pp
= R(ph,pp)
dPh
d3ph
dPp
d3pp
, (1)
where dPhd3ph ,
dPp
d3pp
and
dPhp
d3phd3pp
are probability densities
to observe h, p and h−p pairs with momenta ph, pp
and (ph,pp). If the correlation results from quantum
statistics and/or final state interactions, the correlation
function is known to be [31, 32]
R(ph,pp) =
∫
d3rh d
3rpD(rh)D(rp)|ψ(rh, rp)|2, (2)
where the source function D(r) is the normalized proba-
bility distribution of emission points and ψ(rh, rp) is the
wave function of the hadron and proton in a scattering
state. The formula (2) is written as for the instantaneous
emission of the two particles but the time duration of the
emission process can be easily incorporated [31]. How-
ever, if one uses an isotropic source function, as we do
for the reasons explained below, the time duration τ sim-
ply enlarges the effective radius of the source from Rs to√
R2s + v
2τ2 where v is the velocity of the particle pair
relative to the source.
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2We consider the h−p correlations in the center-of-mass
frame of the pair and we treat the formula (2) as nonrela-
tivistic even though the hadron and proton momenta are
typically relativistic in both the rest frame of the source
and in the laboratory frame. A relativistic description
of strongly interacting particles faces difficulties particu-
larly severe when bound states like deuterons (discussed
later on) are involved. The correlation function, however,
significantly differs from unity only for small relative mo-
menta. Therefore, the relative motion can be treated as
nonrelativistic and the corresponding wave function is a
solution of the Schro¨dinger equation. The source func-
tion, which is usually defined in the source rest frame,
needs to be transformed to the center-of-mass frame of
the pair as discussed in great detail in [33].
We introduce the center-of-mass variables
R ≡ mhrh +mprp
M
, rhp ≡ rh − rp, (3)
where M ≡ mh +mp, and we write down the wave func-
tion as ψq(rh, rp) = e
iRPφ(rhp) with P and q being the
momentum of the center of mass and the momentum in
the center-of-mass frame of the hadron-proton system.
The correlation function (2) is then found to be
R(q) =
∫
d3rhDr(rhp)|φq(rhp)|2, (4)
where the ‘relative’ source is
Dr(rhp) ≡
∫
d3RD
(
R+
mp
M
rhp
)
D
(
R− mh
M
rhp
)
. (5)
In general a single-particle source function is time de-
pendent and anisotropic and to disentangle temporal and
different spatial sizes of the source one needs a pre-
cise measurement of correlation functions. This is eas-
ily achieved in case of pions or kaons, but is difficult for
particles which are not so abundantly produced. In this
case one uses, see e.g. [34], the isotropic Gaussian source
D(r) =
( 1
2piR2s
)3/2
e
− r2
2R2s , (6)
with
√
3Rs being the root-mean-square effective radius
of the source. As already mentioned, the source function
(6) should be transformed to the rest frame of the h−p
pair. This transformation makes the source anisotropic
because the effective radius along the pair velocity is elon-
gated, not contracted, as one can naively expect, see [33]
for details. However, if the correlation function is aver-
aged over the direction of q, as done when the statistics
of correlated pairs is not high enough, we deal with the
isotropic source with Rs being the effective radius which
combines the temporal and spatial sizes of the source.
With the Gaussian single-particle source function (6),
the relative source (5) equals
Dr(r) =
( 1
4piR2s
)3/2
e
− r2
4R2s , (7)
which is independent of particle masses.
If the Coulomb interaction is absent but there is a
short-range strong interaction, the wave function can be
chosen in the asymptotic form [32]
φq(r) = e
iqz + f(q)
eiqr
r
, (8)
where q ≡ |q| and f(q) is the s−wave (isotropic) scatter-
ing amplitude. The correlation function (4) then equals
R(q) = 1 + 1
2R2s
|f(q)|2 − 1− e
−4R2sq2
2R2sq
=f(q)
+
1
2pi1/2R3sq
<f(q)
∫ ∞
0
dr e
− r2
4R2s sin(2qr). (9)
The remaining integral needs to be taken numerically.
The formula (9) has been repeatedly used to compute
correlation functions of various two-particle systems.
When one deals with charged particles, the formula (8)
needs to be modified as the long-range electrostatic inter-
action influences both the incoming and outgoing waves.
However, the Coulomb effect can be approximately taken
into account [35] by multiplying the correlation function
by the Gamov factor that equals
G(q) = ± 2pi
aBq
1
exp
(± 2piaBq )− 1 , (10)
where the plus (minus) sign is for the repelling (attract-
ing) particles and aB is the Bohr radius of the two par-
ticles. If we treat a deuteron as an elementary particle,
the formula (9) with an extra Gamov factor can be used
to compute the h−D correlation function.
Treating the deuteron as a neutron-proton bound state
created due to final state interactions similarly to the
h−D correlation, the correlation function is defined as
dPhD
d3ph d3pD
= R(ph,pD)A dPh
d3ph
dPn
d3pn
dPp
d3pp
, (11)
where pn = pp = pD/2. The deuteron formation rate A,
which is defined as
dPD
d3pD
= A dPn
d3(pD/2)
dPp
d3(pD/2)
, (12)
is known to be [26]
A = 3
4
(2pi)3
∫
d3rn d
3rpD(rp)D(rn)|ψD(rn, rp)|2,
(13)
where ψD(rn, rp) is the deuteron wave function. The
nucleons are assumed to be unpolarized and the spin fac-
tor 3/4 takes into account the fact that there are 3 spin
states of a spin-one deuteron and 4 spin states of a nu-
cleon pair. The correlation function multiplied by the
3FIG. 1: K−−D correlation function
deuteron formation rate equals
R(ph,pD)A = 3
4
(2pi)3
∫
d3rh d
3rn d
3rpD(rn)D(rp)
×D(rh)|ψhnp(rh, rn, rp)|2, (14)
where ψhnp(rh, rn, rp) is the wave function of a h−D
system. As already discussed, we use the non-relativistic
formalism in the center-of-mass frame of the h−D pair.
Using the center-of-mass variables analogous to (3),
the deuteron formation rate (13) is found as
A = 3
4
(2pi)3
∫
d3rnpDr(rnp)|ϕD(rnp)|2, (15)
where Dr(rnp) is the ‘relative’ source (5) and ϕD(rnp) is
the deuteron wave function of relative motion.
To compute the correlation function (14), we introduce
the Jacobi variables of a three-particle system
R ≡ mnrn+mprp+mhrhM ,
rnp ≡ rn − rp,
rhD ≡ rh − mnrn+mprpmD ,
(16)
with M ≡ mn +mp +mh, mD ≡ mn +mp and we write
down the wave function as
ψhnp(rh, rn, rp) = e
iPR ψqhD(rhD)ϕD(rnp). (17)
Using the Gaussian source (6), the integral over the
center-of-mass position R in Eq. (14) gives∫
d3RD(rn)D(rp)D(rh) = Dr(rnp)D3r(rhD), (18)
where Dr(r) is again given by Eq. (7) and the normalized
function D3r(r) equals
D3r(r) =
( 1
3piR2s
)3/2
e
− r2
3R2s . (19)
As a result of the integration over R, the formation rate
(15) factors out in the integral (14) and we find
R(q) =
∫
d3rhDD3r(rhD) |ψqhD(rhD)|2. (20)
The formula has the same form as (4) but the source
function differs. The source radius of deuterons treated
as bound states is bigger by the factor
√
4/3 ≈ 1.15 than
that of ‘elementary’ deuterons. If Rs is inferred from
the h−p correlation function, the radius obtained from
the h−D correlation function is also Rs if deuterons are
directly emitted from the fireball, but it equals
√
4/3Rs
if deuterons are formed due to final state interactions.
To see how sensitive the correlation functions (4) and
(20) are to the source radius, we first consider the K−−D
system which is under study by the ALICE Collaboration
[36]. The s−wave amplitude is taken as f(q) = −a/(1 +
iqa) where the scattering length a = (1.46 − 1.08i) fm
[37]. The length is complex because there are open in-
elastic channels of K−−D scattering even at q = 0.
The K−−D correlation function, which is computed
using the formula (4) together with the Gamov factor
(10), is shown in Fig. 1 for three values of Rs such that
Rs = 2.00 fm =
√
4
3 · 1.73 fm = 43 · 1.50 fm. To falsify ei-
ther the scenario of deuterons directly emitted from the
fireball or that of deuterons formed due to final state
interactions one should experimentally distinguish two
neighboring curves in Fig. 1. One sees that the K−−D
system is not well suited for the purpose because it is not
very sensitive to Rs and the sensitivity even drops when
Rs grows.
The h−D correlation function is shaped by Coulomb
and strong interactions. The effect of Coulomb interac-
tion is almost independent of the source radius, as long
as the radius is much smaller than the Bohr radius. If the
Gamov factor is applied to take into account the Coulomb
interaction, the effect is fully independent of Rs. Since
aB  Rs in high-energy nucleus-nucleus collisions, the
correlation function dominated by the Coulomb interac-
tion only weakly depends on Rs. The h−D correlation
function depends on Rs mostly due to strong interac-
tions. Therefore, one should choose a system where the
strong interaction is truly strong to get a correlation func-
tion sensitive to the source radius. The best choice seems
to be a proton-deuteron pair. The Coulomb effect is of
opposite sign to that in the K−−D system and the effect
of strong interactions is stronger. The s−wave scatter-
ing lengths of p−D scattering in the spin 1/2 and 3/2
channels are, respectively, 4.0 fm and 11.0 fm [38]. Fig. 2
shows the p−D correlation function computed as an av-
erage of the two spin channels with the weights of 1/3
and 2/3. The function strongly depends on Rs but the
dependence becomes weaker as Rs grows. The analysis
of higher pT particles from non-central events, when the
sources are relatively small, is thus preferred.
4FIG. 2: p−D correlation function
We note that the size of the proton source in pp colli-
sions at LHC was measured with an accuracy of 7% where
the statistical error is only 2% [39]. Our proposal requires
an accuracy better than 15% which, however, does not
include systematic error, as we propose to compare the
radii obtained from the p−p and p−D correlation func-
tions. Therefore, the required accuracy of a measurement
seems achievable.
We have shown that a hadron-deuteron correlation
function carries information about the source of the
deuterons and allows one to determine whether a
deuteron is directly emitted from the fireball or if it is
formed afterwards. The K−−D correlation function is not
best suited for our purpose because it weakly depends on
the source radius. The p−D correlation function is a bet-
ter choice as the effect of strong interactions in the p−D
system is more pronounced and the correlation function
is more sensitive to Rs. We recommend a simultaneous
measurement of p−p and p−D correlation functions. The
former, which has been repeatedly measured, can be used
to obtain the radius of the nucleon source and the latter
would determine a size of the source of deuterons.
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